Nucleoporin 50 kDa (NUP50), a component of the nuclear pore complex, is highly expressed in male germ cells, but its role in germ cells is largely unknown. In this study, we analyzed the expression and function of NUP50 during the embryonic development of germ cells using NUP50-deficient mice. NUP50 was expressed in germ cells of both sexes at embryonic day 15.5 (E15.5), E13.5, and E12.5. In addition, NUP50 expression was also detected in primordial germ cells (PGCs) migrating into the genital ridges at E9.5. The gonads of Nup50K/K embryos of both sexes contained few PGCs at both E11.5 and E12.5 and no developing germ cells at E15.5. The migratory PGCs in Nup50K/K embryos at E9.5 showed increased apoptosis but a normal rate of proliferation, resulting in the progressive loss of germ cells at later stages. Taken together, these results suggest that NUP50 plays an essential role in the survival of PGCs during embryonic development.
Introduction
Primordial germ cells (PGCs), which are derived from the proximal epiblast cells, are first detectable at the base of the incipient allantois at embryonic day 7.5 (E7.5) in mice (Ginsburg et al. 1990 ). Starting at E8.5, the majority of PGCs begin to migrate along the midline of the embryo through the hindgut and arrive at the genital ridges at E10.5 (Anderson et al. 2000) . During migration, PGCs expand from w100 cells at E8.5 to w25 000 cells at E13.5 (Tam & Snow 1981) . In the genital ridges, PGCs continue to divide several times and differentiate into male or female germ cells following sex determination of the somatic gonads (McLaren 2003) .
During their migration into the genital ridges, the PGCs are regulated by the balance between survival and proliferation. Several genes that are required for PGC survival during migration have been identified. For example, a deficiency of NANOS3, a gene that is expressed in PGCs at this stage, causes the complete loss of germ cells in both sexes, suggesting it plays a role in the maintenance of the PGC population, presumably by supporting proliferation and/or suppressing apoptosis (Tsuda et al. 2003) . The RNA-binding protein, dead end homolog 1 (DND1), has been shown to be required to prevent PGC death and maintain PGC numbers during their migration (Weidinger et al. 2003) . In addition, Steel factor is essential for the normal proliferation and migration of PGCs and controls the death of any remaining PGCs in the midline structures during the late stages of development (Runyan et al. 2006) .
The vertebrate protein nucleoporin 50 kDa (NUP50) is a component of the nuclear pore complex (NPC) that mediates molecular transport between the nucleus and the cytoplasm (Doye & Hurt 1997) . NUP50 contains a characteristic NUP motif consisting of phenylalanine and glycine repeats and has been shown to interact with importins a and b to simulate the import of proteins containing a nuclear localization signal (NLS; Lindsay et al. 2002) . However, another study revealed that NUP50 functions in disassembling nuclear protein import complexes and recycling importins rather than chaperoning the import complex through the NPC (Matsuura & Stewart 2005) . NUP50, which is weakly expressed in most tissues but is highly expressed in the developing neural tube and the adult testes, affects mouse development (Smitherman et al. 2000) . NUP50 deficiency causes embryonic lethality associated with neural tube abnormalities, exencephaly, and intrauterine growth retardation. In the adult testes, NUP50 is strongly expressed in developing germ cells, particularly spermatocytes (Smitherman et al. 2000) . In addition, the subcellular distribution of the NUP50 protein changes markedly during male germ cell differentiation, from an NPC like staining in spermatocytes to whole nucleus staining in spermatids and finally to a nuclear surface staining in mature spermatozoa (Fan et al. 1997) . However, the function of NUP50 in germ cells has not yet been determined.
In this study, we investigated the expression and role of NUP50 during the embryonic development of the germ cells using NUP50-deficient (Nup50K/K) embryos. During the development of WT mouse embryos, NUP50 was expressed in both PGCs and fetal germ cells. PGCs in Nup50K/K embryos showed a high level of apoptosis but a normal rate of proliferation during the migratory and proliferative phases. Taken together, these results suggest that NUP50 is required for the survival of PGCs during their development.
Materials and methods

Animals and sex determination
Nup50K/K embryos were obtained by crossing Nup50C/K male and female mice with the C57BL/6 background (Smitherman et al. 2000) . The day at which a vaginal plug was detected was designated as E0.5. All of the animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Chonnam National University (permit number: 2012-44) . For the sex determination of embryos, PCR was performed with gDNA using primers specific for the Smcy and Smcx genes: SMCX-1 (5 0 -CCGCTGCCAAATTCTTTGG-3 0 ) and SMC4-1 (5 0 -TGAAGCTTTTGGCTTTGAG-3 0 ) (Agulnik et al. 1994 ).
b-galactosidase staining b-galactosidase (b-gal) staining was performed as previously described (Nagy 2003) . Briefly, embryos and embryonic gonads were incubated in a fixative solution containing 0.2% glutaraldehyde and washed with detergent rinse. Tissues were then stained in a staining solution containing 1 mg/ml X-gal for 5 h at 37 8C. To generate sections, embryonic gonads were postfixed in 4% formaldehyde, dehydrated, and then embedded in paraffin. The sections were counterstained with 0.1% Nuclear Fast Red.
Alkaline phosphatase staining
PGCs in embryos were detected by alkaline phosphatase (AP) staining as previously described (Ginsburg et al. 1990) . Briefly, embryos and embryonic gonads were fixed in 4% formaldehyde. After treatment with 70% ethanol for 2 h at 4 8C, the samples were stained with a freshly prepared AP solution for 5-10 min. The stained embryos and gonads were visualized under a dissecting microscope (Leica MZ-16).
Immunohistochemistry and immunofluorescence
For immunohistochemistry, embryonic gonads were fixed in Bouin's solution (Sigma) and embedded in paraffin. The slides were processed for immunohistochemistry using the Histostain Plus Kit (Zymed, San Francisco, CA, USA) according to the manufacturer's instructions. After antigen retrieval processing, the sections were blocked in 10% nonimmune serum and incubated with anti-GCNA1 (a kind gift from Dr George C Enders) or anti-Mü llerian inhibiting substance (anti-MIS) (Santa Cruz Biotechnology) antibody overnight at 4 8C. The next day, the samples were incubated in secondary antibody and then counterstained with Mayer's hematoxylin (Thermo Scientific, Hudson, NH, USA). For immunofluorescence, embryos and embryonic gonads were fixed in 4% formaldehyde and embedded in optical cutting temperature (OCT) compound (Leica, Bensheim, Germany). For whole-mount immunofluorescence, the embryos were fixed in 4% formaldehyde. The slides or the embryos were blocked in 2% BSA containing 0.1% Triton X-100 for 4 h at room temperature (RT) and incubated with anti-NUP50 (Smitherman et al. 2000) , anti-SSEA1 (Developmental Studies Hybridoma Bank (DSHB), Iowa City, IA, USA), anti-PGC7 (a kind gift from Dr Toshinobu Nakamura), antibromodeoxyuridine (anti-BrdU) (Roche), anti-cleaved caspase-3 (Cell Signaling, Beverly, MA, USA), or anti-phospho-histone H3 (Cell Signaling) antibody overnight at 4 8C. After incubation with Alexa 488-conjugated goat anti-rabbit IgG, Alexa 488-conjugated goat anti-mouse IgGCIgM, Cy3-conjugated goat anti-rabbit IgG, or Alexa 555-conjugated goat anti-rabbit IgG (Molecular Probes, Eugene, OR, USA) at RT for 1 h, the images of labeled embryos or the slides were visualized by confocal microscopy (Leica TCS SPE). The fluorescence images were analyzed using the Leica LA SAF Software.
LysoTracker staining
Apoptotic germ cells in Nup50K/K embryos at E9.5 were detected using LysoTracker Red DND-99 (Invitrogen) in wholemount gonads as previously described (Yao et al. 2002) . Briefly, dissected embryos were cultured in 500 ml of DMEM medium with 1 ml of LysoTracker for 30 min. The embryos were fixed in 4% formaldehyde for 20 min and processed for whole-mount immunofluorescence.
BrdU incorporation
For BrdU labeling, pregnant females at E9.5 were intraperitoneally injected with 50 mg/kg BrdU (Sigma) and killed 6 h later. The dissected embryos were fixed in 4% formaldehyde and embedded in OCT compound.
Statistical analysis
The data are presented as the meansGS.D. Statistical significance was calculated by two-tailed unpaired Student's t-test using the GraphPad Prism 5 Software (San Diego, CA, USA). For statistical analyses, P!0.05 was considered significant.
Results
Expression of NUP50 in germ cells during embryonic development
Previous studies have demonstrated that NUP50 is expressed in the postnatal testis during male germ cell differentiation (Fan et al. 1997 , Smitherman et al. 2000 . To explore the expression of NUP50 in germ cells during embryonic development, we performed immunofluorescence with WT embryonic gonads. NUP50 expression was detected in GCNA1-positive germ cells of both sexes at E15.5, E13.5, and E12.5 (Fig. 1A, B and C) . In addition, weak NUP50 expression was observed in somatic cells of the gonads. The expression of NUP50 in PGCs and fetal germ cells was more prominent than in somatic cells and appeared to be increased at later developmental stages of germ cells. At E9.5, the time of PGC migration into the genital ridges, NUP50 was uniformly expressed in both migrating SSEA1-positive PGCs and somatic cells (Fig. 1D) .
We confirmed the expression of NUP50 in embryonic gonads using Nup50C/K mice. Nup50-knockout mice, which are produced by introducing the LacZ gene under the control of the Nup50 promoter, allowed us to determine the expression of endogenous Nup50 by analyzing b-gal activity (Smitherman et al. 2000) . Consistent with the results obtained from the immunofluorescence analyses, b-gal activity was detected in germ cells of the gonads, testes, and ovaries, at E15.5 ( Fig. 2A) . During the early stages of development, b-gal was expressed in the whole embryos as well as the area containing PGCs at E7.5 (Fig. 2B) , and in whole embryos containing migrating PGCs at E8.5 (Fig. 2C) . These results suggest that NUP50, which is highly expressed in germ cells of the embryonic gonads, may play a role in the establishment and development of germ cells.
The development of PGCs is impaired in Nup50K/K embryos
To investigate whether NUP50 deficiency affects the embryonic development of germ cells, we performed immunohistochemistry using an anti-GCNA1 antibody to quantify the number of germ cells in Nup50K/K gonads at E15.5. Interestingly, a lack of germ cells was observed in Nup50K/K fetal testes and ovaries but not in Nup50C/K gonads (Fig. 3A) . Previous studies have shown that many growth factors derived from Sertoli cells, such as stem cell factor, basic fibroblast growth factor, and leukemia inhibitory factor, are necessary for the survival and proliferation of PGCs (Dolci et al. 1991 , Resnick et al. 1992 . Therefore, we further examined whether the lack of germ cells in Nup50K/K fetal testes is due to a defect in Sertoli cells during gonad development. The MIS, a Sertoli cell-specific product, was expressed normally in Nup50K/K fetal testes lacking germ cells as well as in Nup50C/K fetal testes at E15.5 (Fig. 3B) , indicating normal somatic development in Nup50K/K fetal testes.
In Nup50K/K embryonic gonads at both E11.5 and E12.5, the postmigratory phase of PGC development, AP-positive PGCs (Ginsburg et al. 1990 ) were remarkably reduced compared with Nup50C/K embryonic gonads, and few AP-positive PGCs were observed in the male and female gonads ( Fig. 3C and D) . The impaired PGC development in Nup50K/K gonads of both sexes suggests that NUP50 may be required for the development of PGCs at early phases prior to gonadal sex determination. The number of PGCs in the migratory and proliferative phases is decreased in Nup50K/K embryos
To determine which stage of PGC development requires NUP50, we examined the populations of PGCs in Nup50K/K embryos from the specification phase to the migration phase (E7.5-E9.5). At E7.5, there was a little difference in the area staining positive for AP, which represents PGCs, between Nup50K/K and Nup50C/K embryos (Fig. 4A) . At E8.5, a reduced number of PGCs was observed at the base of the allantois in Nup50K/K embryos compared with Nup50C/K embryos ( Fig. 4B) . At E9.5, a further decrease in the number of migrating PGCs was detected along the hindgut of Nup50K/K embryos (Fig. 4C) . The apparent effect of NUP50 deficiency on PGC development at E9.5 (Fig. 4C) was consistent with the expression of NUP50 in migratory PGCs at the same stage (Fig. 1D) . These results suggest that NUP50 may be involved in the PGC maintenance by suppressing cell death and/or enhancing cell proliferation during the migratory and proliferative phases. Koopman 2010). Therefore, we investigated whether NUP50 deficiency affects PGC survival and/or proliferation during the migratory and proliferative phases. In Nup50K/K embryos at E9.5, a subset of the PGC7-positive migratory PGCs in the hindgut was also positive for LysoTracker, an apoptosis marker (Fig. 5A ).
In contrast, no PGC7-positive PGCs in Nup50C/K embryos were positive for LysoTracker. Similarly, a subset of the SSEA1-positive migratory PGCs in Nup50K/K embryos but not in Nup50C/K embryos was positive for cleaved caspase-3, another apoptosis marker (Fig. 5B) . Conversely, 5-BrdU incorporation, which marks proliferating cells, was detectable in a subset of the PGC7-positive PGCs in Nup50K/K and Nup50C/K embryos at E9.5, although the number of PGC7-positive PGCs was reduced in Nup50K/K compared with Nup50C/K embryos (Fig. 5C, left) . However, a quantitative analysis revealed that the PGC7-positive PGCs in Nup50C/K and Nup50K/K embryos presented similar proliferation rates (Fig. 5C, right) . Similar results were obtained by analyzing the expression of phospho-histone H3, another proliferation marker, in SSEA1-positive PGCs in Nup50K/K and Nup50C/K embryos (Fig. 5D) . These results suggest that NUP50, which is expressed in PGCs at E9.5, is required for the survival but not the proliferation of migratory PGCs.
Nup50K/K embryos also show increased somatic cell apoptosis
Because the expression of NUP50 was detected in both somatic cells and PGCs during early embryonic development (Figs 1 and 2) , we examined whether NUP50 deficiency also affects the survival of somatic cells. Interestingly, some somatic cells, particularly those in the dorsal portions of the mesentery, were positive for cleaved caspase-3 in Nup50K/K embryos but not Nup50C/K embryos at E9.5 (Fig. 6A) . However, phospho-histone H3-positive somatic cells were moderately detected in both Nup50C/K and Nup50K/K embryos at E9.5 (Fig. 6B) . These results suggest that NUP50 is required for the survival of somatic cells as well as migratory PGCs during this stage. The intrauterine growth retardation observed in Nup50K/K embryos (Smitherman et al. 2000) may be a consequence of the increased apoptosis of somatic cells with NUP50 deficiency.
Discussion
The expression of NUP50 is not only high in the testis but also regulated in germ cells during germ cell differentiation in adult mice (Fan et al. 1997 , Smitherman et al. 2000 . In the present study, we analyzed the expression of NUP50 in germ cells during embryonic development. In mouse embryos, NUP50 was highly expressed in migrating PGCs and germ cells in the gonads. Interestingly, in the adult testis, Nup50 mRNAs and NUP50 proteins were not expressed in the spermatogonial population containing stem cells of the germ cell lineage (Smitherman et al. 2000; data not shown) . Therefore, the function of NUP50 in PGCs and fetal germ cells may be unrelated to the stemness of germ cells.
Several genes that are regulated during PGC specification have been identified by single-cell gene expression analysis (Saitou et al. 2002 , Yabuta et al. 2006 ). BLIMP1, which is known as a key regulator of PGC specification, is expressed in PGCs from E7 to E13.5 (Chang et al. 2002) , and its deficiency in embryos leads to a decrease in the population of PGC-like cells, resulting in the impaired proliferation and migration of PGCs (Ohinata et al. 2005) . Germ cell-specific deletion of another gene product, OCT4, which is ubiquitously expressed in the embryo until E7.5 and thereafter is specifically expressed in germ cells, leads to impaired PGC specification following the loss of migrating PGCs during embryonic development (Kehler et al. 2004 , Okamura et al. 2008 . In this study, we demonstrated that NUP50 deficiency led to an impairment in the population of migratory PGCs at E8.5 and E9.5, the phase of PGC migration, but not at E7.5, the phase of PGC specification (Fig. 4) . Therefore, we speculate that NUP50 functions during PGC migration rather than during PGC specification. Further detailed studies are necessary to address whether NUP50 is involved in PGC specification.
Notably, we observed that NUP50 deficiency in embryos appeared to impact the development of both male and female germ cells (Fig. 3) . The population of
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Figure 6 Somatic cells in Nup50K/K embryos undergo apoptosis. Representative sections of Nup50C/K and Nup50K/K embryos at E9.5 were stained for cleaved caspase-3 (CC3; red) (A; nZ4 C/K and nZ3 K/K) or phospho-histone H3 (pH 3; red) (B; nZ4) and were counterstained with TOPRO-3 (blue). The scale bars represent 100 mm.
PGCs in Nup50K/K embryos was decreased at E8.5 and further reduced at E9.5 (Fig. 4) , which was likely due to an increase in apoptosis (Fig. 5) . The PGC phenotypes of Nup50K/K embryos suggest that NUP50 may regulate the survival of migratory PGCs via an inhibition of apoptosis. Previous studies have identified several key genes involved in the regulation of PGC survival, which act in a manner similar to NUP50. Germ cell-specific Oct4-or Nanog-knockout embryos harbor a decreased number of PGCs, mediated by apoptosis (Kehler et al. 2004 , Yamaguchi et al. 2009 ). In Steel-knockout embryos, the majority of PGCs show BAX-dependent apoptosis at or before E9.0, the phase of PGC migration, and no germ cells remain alive at E11.5 (Runyan et al. 2006) . In addition, Nanos3-knockout embryos are characterized by a reduced number of PGCs at E12.5 due to BAX-dependent or BAX-independent apoptotic cell death (Suzuki et al. 2008 ). It will be interesting to investigate whether the mechanism of apoptosis in NUP50-deficient PGCs involves the BAX-dependent pathway, as has been found for other regulators of survival. Although NUP50 had been characterized as a component of the NPC, it has been shown that several NUPs including NUP50 are involved in a variety of cellular processes such as chromatin organization and gene expression as well as nuclear transport (Kalverda et al. 2010) . Based on such previous studies of NUP50 function, we carefully propose the following potential role for NUP50 in PGC development. First, NUP50 may act as a component of the NPC in PGCs as in other cells. NUP50 is required for the disassembly of import complexes of NLS-containing proteins and for the recycling of importins through interaction with importin a (Matsuura & Stewart 2005) . In the fetal gonad, the expression of importins including importin a3 and a4 is detected in the cytoplasm of germ cells from E12.5 to E16.5 (Hogarth et al. 2007 ) but has not yet been observed in germ cells at an earlier stage. As previously reported (Smitherman et al. 2000) , however, protein import in Nup50K/K mouse embryonic fibroblasts was observed to be normal: several GFP-fused germ cell marker proteins, including OCT4, NANOG, and SOX2, localized normally to the nucleus (data not shown). These results suggest either no requirement for NUP50 or a redundancy in other NPC proteins in the cellular distribution of these proteins. Another possibility is that NUP50 may play an important role in PGC development via the regulation of specific genes independent of NPC function. NUP50 in Drosophila is able to regulate the expression of developmental genes through a direct interaction with chromosomes inside of the nucleoplasm (Kalverda et al. 2010) .
In summary, we demonstrate that NUP50 is expressed in PGCs and fetal germ cells of both sexes. Moreover, NUP50 deficiency causes apoptosis of PGCs during their migration into genital ridges, resulting in limited numbers of PGCs in the fetal gonads. Taken together, these data indicate that NUP50 is required for the survival of PGCs.
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